The depth variation of total organic carbon (TOC), organic matter composition, and porewater composition in marine sediments suggests that different components of the organic matter undergo decomposition at widely different rates. The decomposition of 14C-labeled organic substances was followed in sediment microcosms in the laboratory. The substances used were chosen to simulate a portion of material settling to the sediment-water interface (a marine diatom) or hypothesized components of refractory sediment organic matter (melanoidins and a bacterial polymer). The microcosms were found to be good models of the sediment-water interface in terms of how well they mimicked sediment decomposition rates and processes. The decomposition of the labeled material and the natural sediment TOC were monitored over 1 month: the water overlying the sediment remained oxic, and net consumption of nitrate was small. There was no detectable sulfate reduction. The algae and the bacterial polymer were decomposed on average 9 x faster than the melanoidins and 90 x faster than the natural sediment TOC. The soluble fraction of the algae was decomposed more rapidly than the particulate material.
proposed a model for the multiple "pools" of organic matter in sediments being decomposed at different rates. This "multiple-G" model is based in part on depth profiles of total organic carbon (TOC) and porewater-dissolved sulfate in anoxic marine sediments, which show a marked decrease in the rate of sulfate reduction with depth even though a substantial fraction of the surface TOC concentration remains. Others (e.g. Jorgensen 1978; Murray et al. 1978; Henrichs and Farrington 1984; Martens and Klump 1984) have found that the multiple-G model, with firstorder decomposition kinetics for a labile organic fraction, fits porewater and sediment data from a variety of sediments. Additional evidence for the multiple-G model has been presented by Westrich and Berner (1984) , who found that plankton subjected to a previous interval of oxic decomposition decomposed more slowly when added to anoxic sediments than did fresh plankton. In several studies of plankton decomposition (Garber 1984 and refcrenccs cited therein) initially rapid remineralization rates ' This research was supported by NSF grants OCE 82-14537 and OCE 84-15557. Additional support was provided by the donors of the Petroleum Research fund, administered by the American Chemical Society. Contribution no. 582 from the Institute of Marine Science.
decreased 10 x or more after l-2 weeks, indicating that the residual organic matter was relatively refractory.
Very few data are available, however, on the precise nature of the labile and refractory components of sediment organic matter, and this hampers our understanding of sediment decomposition processes. By analogy to complex polymeric substances in soils, this uncharacterized fraction is often referred to as "humic material," although humic substances in marine sediment differ markedly in composition from those in soils (Nissenbaum 1974; Ertel and Hedges 1983) .
There are several hypotheses concerning the nature of sediment organic matter. First, different classes of biochemical compounds have different decomposition rates based on their structures and susceptibility to biological attack. For example, Hanson and Tenore (198 1) found the rate of decomposition of a marsh grass (Spartina) to be lower than those of micro-and macroalgae and attributed this result to the greater content of refractory polycellulose and lignin in the Spartina and the greater soluble organic content of the algae. Second, melanoidins (disordered polycondensates of sugars and amino acids) have been suggested as a component of refractory marine sediment humic materials (Nissenbaum et al. 1972; Krom and Sholkovitz 1977; Ertel and Hedges 1983) . Third, microbial cell walls 765 and extracellular polysaccharides which are resistant to decomposition in soils (Hepper 197 5 ) may be present in marine sediments (Hobbie and Lee 1980) . Fourth, some organic matter may be physically protected from decomposition, for example adsorbed to clays (Sorensen 1975; Miiller 1977) or present in a shell matrix (Schroeder and Bada 1976) . Fifth, complexation by metal ions at particle surfaces or in solution may make organic molecules less metabolizable (Martin et al. 1966; Degens and Mopper 1976) .
We discuss here the results of a study of organic matter decomposition in Resurrection Bay, Alaska, sediments, in which we observed the decomposition of 14C-labeled algae, extracellular polysaccharide-producing bacteria, and synthetic melanoidins in sediment microcosms kept in the laboratory for about 1 month. These substances were chosen to represent material similar to some of the organic matter supplied to the sediment-water interface (algae) and two hypothesized constituents of refractory sediment organic matter (melanoidins and bacterial polymer).
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The study area Sediments used in decomposition experiments, taken from a depth of 60 m in Thumb Cove, Resurrection Bay, Alaska (60"00.4'N, 149°18.3'W), consist largely of glacially derived material and have sparse macrobenthic populations, 24 g wet wt me2 (Feder and Paul 1978) . The annual primary production at a nearby station in Resurrection Bay is 228 g C mh2, with the maximum in June and July (Heggie et al. 1977) . The bottom water temperature in Thumb Cove ranges between 3" and 1 l"C, with temperatures minimum during February through April and maximum during September and October.
Methods
Sediments were incubated in Mason jars (-0.5 liter) which had been sterilized and freed of contaminating organic materials by combustion in a muffle furnace at 450°C. The lids were washed, rinsed with distilled water, and autoclaved. Sediments were taken with a 0.25-m2 box corer (Ocean Instruments MK-3). Subcores of the surface -6 cm of sediment, of the same diameter as the Mason jars (6 cm), were placed in the jars right-side-up with as little disturbance as possible. Bottom water from a depth of 55 m in Thumb Cove was added to the jars (150 ml for the May incubations, 200 ml for the October incubations), and the jars were left in an incubator at bottom water temperature for l-2 days to allow small amounts of resuspended sediment to settle. The organic materials described below were then added to the jars with a pipet, at 0.5-1 cm above the sediment-water interface.
Descriptive data on the 14C-labeled organic substances used are given in Table 1 .
The algae (Cyclotella meneghiniana, a diatom, from Carolina Biological Supply Co.) were grown in filtered Resurrection Bay water supplemented with nutrients (AlgaGro seawater from Carolina Biological and 500 PM Si) and [14C]bicarbonate (100 PCi per 300 ml of culture). At the end of exponential growth, the cells were harvested by centrifugation, repeatedly rinsed with 14C-free medium until subsequent rinses did not show a marked decline in activity, resuspended in a known volume of cold medium, ground with a Teflon and glass tissue homogenizer, and stored frozen until used.
Radiolabeled melanoidins were prepared as described by Hedges (1978) . Solutions containing 0.5 M glucose and alanine or glucose and glutamic acid were spiked with 10 &i each of [ 14C(U)]glucose and [ 14C(U)]glutamic acid or alanine. Potassium carbonate was added to maintain a basic pH. The solutions were sealed in screwcap glass bottles and heated in an oil bath at 100°C for 1 week. The solutions became dark brown within hours. After the solutions cooled, they were placed in washed Spectrapor dialysis membrane tubing bags (6,000-8,000 molecular weight cut-olI) and dialyzed against continuously renewed deionized water for 48 h. NaCl was added to the dialyzate to give it the same density as Thumb Cove bottom water.
Arthrobacter viscosus, an extracellular polysaccharide-producing soil bacterium from the American Type Culture Collection, was grown on a medium containing 3% D-glucose, 0.25% casamino acids, 0.4% NaH,PO,, and 0.04% MgS04, with 10 PCi (May) or 20 PCi (October) of [14C(U)]glucose. After 2 weeks (May experiment) or 6 weeks (October experiment) the remaining glucose and other low-molecular weight compounds were removed by dialysis as above. The material retained by the dialysis membrane included bacterial cells as well as extracellular polymer.
Sediments were collected during May and October 1984 and incubated at the bottom water temperature at the time of sampling, 6°C in May and 10°C in October. Six to nine jars were assembled for each substrate, with control jars without added radiolabeled material. At 0, 6, and 41 days for May and 0, 5, and 34 days for October, two, three, or four control jars and jars containing each substrate were subsampled as shown in Table 2. Each point in Fig. 1 represents a separate jar, not sequential subsampling of one jar. Overlying water was transferred to a flask and mixed gently before subsampling, to ensure homogeneity. Sediments were homogenized just before centrifugation so that a representative porewater sample could be obtained. The zero-time jars were treated exactly as the incubated jars, except that they were subsampled within 1 h after the substrate was added.
About half of the May jars were aerated with filtered air, and the 14C02 stripped from them was trapped on Ascarite. The remaining May jars and all of the October jars were sealed. All jars contained a headspace of air above the water; this prevented corrosion of the lid by the water and provided a reservoir of oxygen that prevented the water from becoming anoxic, even in the sealed jars.
The 14C02 was stripped from acidified subsamples (5-l 5 ml) of overlying water and porewater by bubbling with He for 15 min and trapped in a Harvey Biological Oxidizer trap containing Woeller's solution for scintillation counting. Recoveries of 14C02 from standard [ l "C] bicarbonate solutions were 9 5-100%. Organic activity in solutions was measured by counting glass-fiber-filtered, acidified, stripped porewater or overlying water in Aquasol. Quench corrections were made with an external standard or channels-ratio method. Amino acid decomposition rates were measured in sediments incubated without other added, radiolabeled organic material. At the times indicated, sediment subsamples were taken from the jars with a 3-ml, cutoff, sterile plastic syringe. A small volume (10 ~1) of a 58 PM [ 14C(U)]alanine or a 11 PM [14C(U)]glutamic acid solution in seawater was injected into each subsample, and the sediment was incubated for 0.5 h (alanine) or 1 h (glutamic acid) at 6" (May) or 10°C (October) in a nitrogen-flushed serum vial. After incubation, the sediments were mixed with 2 N sodium hydroxide solution and frozen until stripped as described above. Zero-time controls were placed in sodium hydroxide immediately.
In addition, time-series incubations were conducted with fresh sediment (i.e. collected <5 h before). In May (with alanine as the substrate) the technique described above was used. In October, a core-injection method (Christensen and Blackburn 1980) was used for fresh sediments, in which the glutamic acid was injected into an intact subcore of the box core through septa installed in a Plexiglas core liner. Porewaters for amino acid analysis were extracted with a Ree- (Henrichs and Williams 1985) , except that a Hamilton PRP-1 column was used and that porewaters were diluted 4-fold-20-fold with distilled water before analysis. Ammonium concentrations were fairly low, < 150 PM, in these porewaters and thus did not interfere with alanine and glutamic acid peaks.
Numbers of bacteria in sediments and overlying waters were determined by acridine orange direct counts (Hobbie et al. 1977) . Sediment samples were sonicated to disperse the particles and diluted 1,000 x before staining and counting.
Nutrients in porewater and overlying water were measured with standard AutoAnalyzer methods. Oxygen in overlying waters was measured by Winkler titration. Headspace oxygen was measured by gas chromatography.
Jar lids were equipped with a septum for withdrawing the gas sample. Sulfate was measured gravimetrically as BaSO, precipitated from 3-to 5-ml samples. Analytical precision (for eight replicate bottom water samples) was +0.3 mM (1 a).
210Pb activity in sediment was measured as described by Chanton et al. (1983) . Organic carbon and total nitrogen in sediments and labeled substrates were measured with a CHN analyzer (Perkin-Elmer model 240B). Sediments were treated with HCl to remove carbonates. Separate 14C02 and [14C]DOC data (May and October) for overlying and porewater showed that initially, as expected, virtually all of the [ 14C]DOC activity was in the overlying water. After 5 or 6 days most of the [14C]DOC was still in the overlying water, and < 18% of the initially added DOC activity remained. The 14C02 activity in the jars was mostly in the overlying water at 5-6 days, but 14C02 activity per unit volume was nearly equal in overlying and porewater after 34 and 41 days.
Results

Activity
During the October decomposition experiment, an average of 44% of the Arthrobatter-derived material was remineralized over 34 days, comparable to the proportion for the algae. Remineralization during the initial 5-d period, however, was less for the Arthrobacter (16%) than for the algae (23%). activity between overlying and porewater with time was very similar to that for the Cyclotella jars. The May 14C02 data are rather scattered, because the total activity added was low so that the activity in the time-zero controls and blanks was significant. The 22% of added activity recovered as 14C02 after 4 1 days was an average of 7% greater than at time zero.
The two melanoidins decomposed slowly. During May, < 1% of the alanine melanoidin and about 2% of the glutamic acid melanoidin were remineralized. During October 7% of the glutamic acid melanoidin was remineralized. Nearly 100% of the melanoidin activity was in the [ 14C]DOC fraction initially, but only about 20% of the alanine melanoidin and 30-40% of the glutamic acid melanoidin remained in solution after a month. Melanoidin [ 14C]DOC activities in porewater increased with time as the labeled material diffused into the sediment, but never exceeded 6% of the added activity for the alanine melanoidin and 12% for the glutamic acid melanoidin.
The [14C]DOC concentration remained greater in overlying water than in porewater at the end of the experiments, by a factor of 1.4 for the glutamic acid and 2.2 for the alanine melanoidin.
Phosphate,' ammonium, nitrate, and nitrite data for the microcosms are given in Figs. 2 and 3.
Ammonium and nitrate + nitrite data for sediment porewaters at the time of sampling are given in Fig. 4 . Initially, bottom water concentrations of all nutrients were low. Nitrate concentrations in porewater of the upper sediment layers were slightly higher in May than in October, ammonium concentrations in May were lower. Porewater phosphate concentrations (data not shown) averaged 2.5 PM in May and 0.9 PM in October and showed little variation with depth.
Nutrient concentrations changed remarkably little over time in the microcosms. During May the weighted mean phosphate and nitrate increased significantly (Student's t-test), but the net change was only a few PM. The average ammonium concentration decreased significantly, but again the change was small. The October incubations showed no change in the average ammonium and nitrate concentrations, and phosphate decreased by about 1 ,uM.
Oxygen concentrations in overlying water for sediments (without added substrate) incubated at 6" and 10°C in sealed jars decreased with time, but were never below 2.8 ml liter-l (Table 3) . Oxygen in the headspace, as percent of normal atmospheric oxygen concentration, is also given for jars incubated at 6°C. Headspace oxygen did not decrease below 80% of initial values. For the May experiments there was no significant difference in labeled organic matter decomposition between jars which were and were not aerated, which is not surprising since the overlying water in the sealed jars remained well oxygenated.
Sulfate concentrations were measured in porewaters from the October microcosms and in two depth profiles at the time of coring. The depth profiles showed a slight decrease in sulfate with increasing depth, averaging about 0.1 mM cm-l over the upper 15 cm. Means of 0-, 6-, and 30-d microcosm porewater concentrations did not differ significantly from each other or from the bottom water sulfate concentration at the time of coring (26.7 mM).
Alanine and glutamic acid concentrations in porewaters are shown in Table 4 . Concentrations of these two amino acids were low relative to most reported concentrations for porewaters, generally < 1 PM. Certain other amino acids, particularly glycine, were present in higher concentrations in porewater samples. Turnover times (k-l, where k is a first-order rate constant) shown in Table 4 are with respect to conversion to 14C0, and not uptake into cells, since uptake cannot be readily determined in sedi- ments. The decomposition rates of glutamic acid and alanine are also shown.
Numbers of bacteria are shown in Fig. 5 . The overlying water data are from the May incubations. The sediment data are from Thumb Cove sediments incubated in jars at 10°C for almost 3 months, beginning in October 198 3. Neither sediment nor water shows significant changes with time; nearly all of the variation in both cases can be attributed to counting error. Most of the higher numbers for the overlying water are for jars to which Arthrobacter was added. an irregular coating of polymer) were seen at 0 and 6 (but not 41) days.
TOC, total nitrogen (TN), *lOPb activity, and water content of Thumb Cove sediments are shown in Table 5 . The organic matter content is relatively low for a coastal sediment. The C : N (wt : wt) ratios are similar to those of shelf sediments containing organic matter that is largely of marine origin (e.g. Borodovskiy 1965) , although the sampling site was about 0.5 km from shore. However, C : N ratio is not a very sensitive indicator of the presence of terrestrially derived organic matter in marine sediments. The sediment accumulation rate calculated from the *lOPb data is 0.2 g dry wt cm-* yr-' or 0.4 cm yr-I.
Discussion
Amounts of organic matter added to jars-
The inventory of organic carbon in the jars, due to the TOC content of the sediment, was l.OkO.2 g C. Thus, in all cases the amount of labeled organic material added was <0.3% of the TOC (Table 1 ). Another Table 3 . Oxygen concentrations in overlying water Table 4 . and in the headspace (nd-not determined).
Porewater amino acid concentrations &M) and decomposition rates (nmol liter-l h-l). way of evaluating the level of addition of organic matter to the jars is to compare it to the sediment organic carbon accumulation rate, using surface sediment organic carbon content and the sediment accumulation rate. The calculated carbon accumulation rate is 13 g C m-* yr-1 ; the carbon added with the labeled substrates was between 0.1 and 0.6 g C m-*. Thus, the carbon added to the jars was equivalent to from 3 to 17 days' normal carbon accumulation in the sediment. time is k-l, where k is the first-order rate constant for 14C0, production. $ Turnover time measured within 5 h of core recovery. The turnover time was calculated from a time-series of 0.25-, 0.5-, 1 .O-, and 2.0-h incubations. 4 Turnover times and concentrations measured in time-zero microcosms, l-2 d after core recovery. 11 Each value is for a separate microcosm. # Turnover times were measured within 5 h of core recovery by a coreinjection technique. The first turnover time or concentration value is for O-3 cm, the second for 3-6 cm. At each depth, 1 -and 2-h incubations were conducted.
Our aim in restricting the amount of organic matter added was to avoid major, rapid changes in the chemical composition or microbial populations of the microcosms. This strategy appears to have been sucessful (Table 3, Decomposition rates of labeled organic substances -Initially, the Cyclotella was rapidly decomposed to 14C02. The amount of 14C02 production during the first 5 or 6 days (1 O-l 3% of added activity in May and 23-25% of added activity in October) corresponded rather closely to the loss of [14C]DOC, which was 7% (May) and 19% (October) of total (dissolved plus particulate) activity added. Thus the soluble fraction of the CycZoteZZa apparently was decomposed markedly faster than the particulate material. An alternative interpretation could be that decomposition processes in the jars, in general, slowed during the course of incubation.
However, continuing oxygen consumption and the small range of amino acid turnover times during the incubation indicate that the microbial Some of the soluble CycZoteZZa-derived organic material could have been lost from solution by adsorption on sediments. This is shown by the gradual disappearance of the melanoidins from solution during the incubation, without corresponding production of 14C02. From 24 to 4 1% of the melanoidins were lost from solution during the first 5-6 days. Consistently lower dissolved melanoidin concentrations in porewater (even after a month) than in overlying water indicate that sediments rather than jar walls were probably the main adsorbers.
However, we have other evidence for rapid decomposition of CycZoteZZa -derived DOC. In a separate experiment 100 ~1 of the filtrate from 0.2~pm-filtered CycZoteZZa substrate were injected into 5-ml subsamples of Thumb Cove surface sediment contained in open-ended glass syringes. The syringes were sealed with Teflon-faced septa and incubated at 6°C. In one week, 35% of the added material had been decomposed to CO*. This was less decomposition than in the jar experiments (probably due to differences in the incubation conditions), but the results do support the conclusion that the dissolved fraction of the CycZoteZZa is relatively labile. Solubility per se, of course, is not the important characteristic in determining decomposition rate (compare the melanoidin results). Rather, the specific composition of the soluble fraction of Cyclotella determines its rate of decomposition.
We chose the Arthrobacter polymer for this work because it had been found to be refractory to decomposition in soils (Martin et al. 1974) , because the structure of the polysaccharide it produces has been determined [Sloneker et al. 1968 : repeating trisaccharide units of 0-P-D-mannopyranosyluronic acid-( 14 4)-O-P-glucopyranosyl-(1 -+ 4)-D-galactose], and because marine bacterial isolates have been reported to decompose "capsular material" of an Arthrobatter strain (Mitchell and Nevo 1965) . Ex- Table 5 . Total organic carbon (mg C g dry wt-'), total nitrogen (mg N g dry wt-I), water content, and *loPb activity (dpm g dry wt-*) of Thumb Cove sediment.
6.4 3-4 4-5 4-8 6.0 6-7 7-9 8-12 7.0 9-10 * Weight : weight ratio. tracellular polymer production has been observed in aquatic (mostly freshwater) systems (Paerl 1974 (Paerl , 1978 Geesey et al. 1978; Christensen et al. 1985) , but information on the polymer-producing organisms and the composition of the polymers is limited. Hobbie and Lee (1980) suggested that extracellular polysaccharides are more abundant than bacteria in sediments and may be an important food source for macrobenthos. Our results do not answer the question of whether this particular polysaccharide could contribute to the nutrition of macrobenthos, since large organisms probably did not make a major contribution to the decomposition of the labeled materials (see below). The polymer was not, however, very resistant to decomposition in the marine sediment as was previously observed in soils.
What is responsible for the twofold difference in decomposition rate of CycZoteZZa between the May and October incubations? One important factor is the difference in the amount of soluble material in the two sets of incubations. The two materials were prepared in the same way, but the difference in soluble content may be related to different amounts of cell lysis and loss of soluble material during the rinsing necessary to remove unassimilated [ 14C]bicarbonate. The difference in decomposition rate persisted, however, in the 6-4 1 -day and 5-34-day periods when nearly all of the DOC had been consumed. Also, the glutamic acid mela-noidin was decomposed faster (although still only to a limited extent) during the October incubation. The higher temperature for the October incubations was probably a factor. Studies of the decomposition of algae in seawater typically show increasing initial rates with increasing temperature, but no change in the final extent of remineralization (Garber 1984) . Benthic community respiration also increases with temperature (e.g. Smith et al. 1972; Smith 1973; Sorenson et al. 1979; van Es 1982) . There was no marked difference in the variation with time of oxygen concentrations in overlying water between jars incubated at 6" and 1 O"C, however (Table 3).
Oxygen and nutrients in the microcosms-Data in Fig. 4 indicate that the upper 5 cm of the sediment was oxic to suboxic in situ. Redox conditions in the microcosms appear to have remained quite stable. The May data in Fig. 2C show that there was a small amount of net nitrification.
There was no net nitrification or denitrification in October microcosms (Fig. 3C ), but the consistently lower nitrate concentrations (nitrite was < 1 PM) in porewaters than in overlying waters indicate either nitrification in the overlying water or denitrification in the sediments.
Initial ammonium (and phosphate) concentrations in the May microcosms ( Fig. 2A , B) were higher than expected from the concentration in overlying water and porewater (Fig. 4) . These time-zero concentrations were measured after the jars had been assembled for 2 days, when the labeled substrates were added. Possible explanations include desorption of ammonium (and phosphate) from sediments and death of macrofauna. (Biomass of KO.5 mg C per jar would be required to supply the "excess" nutrients on remineralization; 4 mg C per jar would be expected based on data of Feder and Paul 1978 .) A marked increase in the mean and variance of porewater ammonium and overlying water nitrate concentrations at 5 days in October may also have been due to these causes.
The rate of decrease in oxygen in the headspace and overlying water at 6°C can be converted to a carbon remineralization rate by assuming 1 mol of oxygen consumed per 12 g of C oxidized. This yields an average carbon oxidation rate per jar of 3 mg C (34 d)-*, so that about 0.3% of the TOC was consumed during the incubation. Oxygen might have been consumed by oxidiation of ammonium, iron, manganese, or other reduced species in the jars as well as by oxidation of carbon. If these reduced species resulted from carbon oxidation in a suboxic sediment zone during incubation, then this oxygen consumption would still, indirectly, be due to organic carbon remineralization during incubation. However, if the reduced species were present ("preformed") at time zero, then oxygen consumption in the microcosms would tend to overestimate carbon oxidation.
The expected increase in ammonium + nitrate + nitrite concentrations in the jars, based on the TOC remineralization of 3 mg calculated above, would be 70-120 PM (weighted average of porewater and overlying water concentrations) if the C : N ratio of decomposing organic matter were 6 to 10. Such an increase in concentration was not found in either set of incubations. One explanation is that denitrification (in a deeper, suboxic sediment layer) consumed an amount of nitrate equivalent to the amount produced by organic matter oxidation. (This would require that the total carbon oxidation estimate be increased by 15-25%.) A second possibility is that ammonium produced was adsorbed by the sediment, but since adsorbed ammonium is usually proportional to dissolved ammonium concentration (e.g. Mackin and Aller 1984) , this does not seem likely. A third possibility is that at least some of the nutrients released were reassimilated by microogranisms. The lack of a detectable increase in numbers of sediment bacteria does not rule out this explanation, since an increase in numbers (or average size) of only 1.5 x would be required to account for all of the "missing" nutrients, which is within the precision of our data. (This calculation assumed 1 O-1 5 g C cell-l and a cellular C : N of 5.) Finally, a major fraction of the oxygen consumption may have been due to oxidation of reduced substances (most likely iron and manganese) initially present.
Phosphate likewise did not show the ex-petted increase in concentration, about 8 pM if a C : P ratio of 106 for decomposing organic matter is assumed. Adsorption of phosphate to mineral phases (i.e. iron oxides), assimilation by microorganisms, and consumption of oxygen by preformed reduced substances are reasonable explanations.
Overall, our data indicate that oxygen was the most important electron acceptor in the microcosms as a whole. Denitrification may have occurred in deeper sediment layers, but its extent would have been limited by the amount of available nitrate (including both the initial amount and the quantity that might have been formed by oxidation of ammonium) to no more than 25% of the carbon oxidized. Thus, 3-4 mg probably represents an upper limit to the amount of (natural sediment) TOC oxidation in the microcosms. However, this estimate does not include any carbon oxidation due to manganese or iron reduction, if the manganese and iron were not subsequently reoxidized.
Electron acceptors for labeled organic matter decomposition-The electron acceptors for remineralization of the added, labeled organic matter can be deduced from the above discussion and from knowledge of the most likely sites of decomposition within the microcosms. Oxygen was the electron acceptor in the overlying water, at the sediment-water interface, and to some (uncertain) depth in the sediment. There was no visual evidence (i.e. burrows, fecal mounds) of bioturbation deeper than 0.5 cm in the microcosms, and very few large organisms were found when the jars were sampled. Since there was little particle mixing, the decomposition of labeled particulate organic matter (from CycZoteZZa and Arthrobatter) probably occurred in the overlying water or near the sediment-water interface, under oxic conditions. The dissolved, labeled organic matter diffused into the sediment during incubation.
Soluble material from CycZoteZZa and Arthrobacter disappeared rapidly due to decomposition (and possibly adsorption to sediments), and little of the activity was ever present in the porewater. Thus, decomposition of these materials was also oxic. The site of melanoidin decomposition is less certain, since significant activity (soluble and adsorbed) was present in the sediments during the later part of the incubation. Suboxic processes may have contributed to the small amount of remineralization observed.
Amino acid decomposition rates-The average rates of CO2 production due to decomposition of porewater amino acids (Table 4) are equivalent to the remineralization of 0.4 mg C per jar (alanine) and 0.04 mg C per jar (glutamic acid) during the incubation. This is 1 O-l 5% of the total organic carbon remineralization rate and would suggest that a significant fraction of sediment remineralization proceeds through amino acid intermediates. However, Christensen and Blackburn ( 1980) measured amino acid decomposition rates that were greater than total sediment remineralization rates and therefore concluded that the amino acid rates were in error, perhaps because a substantial fraction of porewater amino acids measured by the HPLC technique were unavailable to microorganisms. This question requires further study.
Comparison of labeled substrate to TOC decomposition rates-The rate of decomposition of the natural sediment TOC was about 100 x slower than the rate of decomposition of the CycZoteZZa, in terms of the fraction remineralized during the course of incubation. The difference was even greater for the dissolved fraction of CycZoteZZa. TOC decomposition was about 20-l 00 x slower than the decomposition of the Arthrobacter and 7-20 x slower than the decomposition of the glutamic acid melanoidin. The alanine melanoidin did not undergo detectable decomposition, but the detection limit (1% of added activity) was 3 x greater than the amount of TOC decomposition.
Comparison to literature values for remineralization rate constants -Westrich and Berner (1984) provided tables of their own and literature values of first-order organic matter decomposition rate constants. For oxic decomposition of algae, values from 7 to 24 yr-l have been reported for the most labile fraction and 1.4 to 3.2 for a less rapidly metabolized fraction. For indigenous organic matter decomposing in anoxic sediments, k values were 0.4-l yr-l. Garber (1984) noted that in most studies of plankton decomposition (under oxic conditions) there was a substantial decrease in decomposition rate after l-2 weeks (or after > 50% of the organic material had been remineralized). His rate constants were 7-70 yr-1 for the initial, rapid phase and l-7 yr-l for the later phase. Our data, if expressed in these terms, would give first-order rate constants of 200-4,000 yr-l for free amino acids, > 50 yr-l for the labile algae fraction, l-3 for algal decomposition during the last 3-4 weeks, 0.8-6 for the Arthrobacter, 0.2-0.7 for the glutamic acid melanoidin, < 0.09 for the alanine melanoidin, and x0.03 for the natural sediment TOC.
Jar incubations as models of sediment decomposition processes -Sealing sediment in jars probably has some effect on sediment decomposition processes. One difference between jars and in situ sediments is that most macrofauna enclosed in the jars die during a 30-d incubation, although many survive for the first 5-6 days. However, macrofauna are very sparse in Thumb Cove sediments and most jars contained no obvious large organisms (> 1 cm). Another difference is that input of fresh organic matter to the sediments is interrupted. Also, isolation of the top sediment layer interrupts fluxes of various porewater constituents from below (e.g. ammonium).
Finally, physical (e.g. decreased bottom water turbulence) or chemical (e.g. leaching of inhibitory substances) "wall effects" may affect the results.
On the other hand, several lines of evidence indicate that our jars mimicked in situ decomposition processes. There was no major change in the electron acceptors for organic matter decomposition. Throughout the incubation the overlying water remained oxygenated, and nitrate was present in porewaters. Numbers of bacteria in overlying water and sediment did not change with time in the jars. The oxygen consump--tion rate of freshly sampled Thumb Cove sediments was measured with a core-top incubation technique during May 1984 and was about 7 mmol m-2 d-' (J. Grebmeier pers. comm.). This is equivalent to the OXidation of about 5 mg C per jar in 1 month, similar to the oxygen consumption rate in our jars.
Results from separate incubation jars for the same sampling date were very similar. This indicates that decomposition in Thumb Cove sediments is fairly homogeneous over distances of 0.5 m2 (the box-core diameter). Thus, the small (6-cm diam) jars were reasonably representative of a larger sediment area. Reproducibility between jars also suggests that the role of macrofauna in labeled substrate decomposition was not critical, since the number of larger organisms present in the jars varied.
Glutamic acid decomposition rates were somewhat variable between replicate jars at each time, but showed no significant trend. (Calculated alanine decomposition rates vary substantially, but the calculations used October, not May, porewater alanine concentrations, and this is probably responsible for some of the variability.) If glutamic acid decomposition rates as measured in our study reflect rates of production and consumption during organic matter decomposition, then these data also support the conclusion that the jar incubations are representative of processes of sediment decomposition in Thumb Cove.
Concluding remarks -The results presented here confirm the hypothesis that different types of organic matter undergo decomposition at widely different rates near the sediment-water interface. Different fractions of organic matter from a single source (algae) also are decomposed at different rates. We are continuing our study by measuring changes in specific biochemical constituents of the labeled algae during decomposition. We have shown that the sediment organic matter in Thumb Cove is highly refractory to decomposition, even compared to model refractory substrates. However, the slow decomposition of melanoidins provides a clue as to the possible nature of refractory sediment organic matter.
